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Abstract.  Ultrastructural and genetic studies were 
carried out on the fat body of a  female sterile mutant 
fs(1)1163 to ascertain why yolk protein 1 (YP1) is not 
secreted from this tissue. Earlier molecular studies 
demonstrated that (a) normally yolk protein is synthe- 
sized in the fat body, secreted into the hemolymph and 
taken up by the ovary, (b) the 1163 mutation causes a 
single amino acid substitution in YP1, and (c)  females 
homozygous for the mutation, or heterozygous females 
raised at 29°C, retain YP1  in the fat body.  Ultrastruc- 
tural analysis in this paper shows that the fat body of 
these females contains masses of electron-dense mate- 
rial deposited in the subbasement membrane space. 
This subbasement membrane material (SBMM), which 
occasionally has a crystalline-like, fibrous component, 
is found in females whose genotypes include at least 
one copy of the mutant 1163 gene. These strains in- 
clude a deletion strain that is hemizygous for the 1163 
gene and two strains that are transgenic for the mutant 
gene. Immunogold studies indicate that SBMM con- 
tains yolk protein. We propose that the mutant protein 
is secreted into the subbasement membrane space,  but 
because of the amino acid substitution in YP1, the 
oligomers containing YP1  condense into SBMM, 
which cannot penetrate the basement membrane. The 
similarity of SBMM and deoxyhemoglobin S fibers is 
discussed. 
T 
HE yolk proteins of Drosophila melanogaster (YP1, 
YP2, and YP3), produced by three X-linked genes are 
synthesized  in  the  fat body (analogous  to  the ver- 
tebrate liver), secreted into the hemolymph, and sequestered 
in the oocyte by receptor-mediated endocytosis (Bownes and 
Hames, 1978; Bownes and Hodson,  1980). A second site of 
synthesis  is  the ovarian  follicle cells  (Isaac and Bownes, 
1982; Brennan et al., 1982), where the proteins probably en- 
ter the interfollicular spaces before endocytosis into the oo- 
cyte. The proteins not only provide a nutritional supply, but 
also bind conjugated hormones needed for embryonic devel- 
opment  (Bownes et al.,  1988). The genes (ypl, yp2, and 
yp3),  encoding the yolk proteins have proved valuable for 
studying the sex, tissue, and hormonal regulation of  gene ex- 
pression (see review by Bownes,  1986). 
Although YP is synthesized in the fat body, there is no bio- 
chemical  (Bownes and Hodson,  1980) or cytological evi- 
dence (Butterworth and Bodenstein, 1968; Johnson and But- 
terworth,  1985) to suggest that yolk proteins are normally 
stored in the tissue. In this paper we analyze a female sterile 
mutant which we have shown by SDS-PAGE analysis ac- 
cumulates YP1 in the fat body, and that very little of it enters 
the hemolymph or is sequestered  in oocytes (Bownes and 
Hodson,  1980). The normal YP2 and YP3 proteins are also 
The sequence data for Drosophila  yolk protein 1 are available from EMBL/ 
GenBank/DDBJ under accession number V00248. 
accumulated to some degree in the mutant fat body though 
some of  them reach the hemolymph  and oocytes. The mutant 
fs(1)1163 when homozygous is female sterile at 18 and 20°C; 
but when  heterozygous,  it is  dominant,  female  sterile  at 
29°C.  This temperature  sensitivity  is correlated  with the 
dramatically reduced secretion of YP1 and accumulation of 
YPs 1, 2, and 3 in the fat body (Bownes and Hodson,  1980). 
The female sterility is unlikely to be caused by the lack of 
YP1 in the eggs but rather seems to be due to the abnormali- 
ties in the secretory apparatus of the follicle cells caused by 
the abnormal YP1 protein (Giorgi and Postlethwait, 1985). 
They concluded that the defective YP1  interferes with the 
deposition of the vitelline membrane which results in eggs 
that collapse. 
The three yolk proteins  show many common processing 
steps and all have a typical leader sequence which is cotrans- 
lationally removed. The primary translation products of YP1 
and YP2 have a molecular mass of 45,000 D, while that of 
YP3 is ~46,000 D (Bownes and Hames,  1978). The 1-kD 
leader sequence is removed from each polypeptide, then YP1 
is posttranslationally modified to increase its apparent mo- 
lecular mass to 47,000 D (Warren et al., 1979). The normal 
and mutantfs(1)1163 polypeptides can be ptocessed  in vitro 
by dog pancreas  microsomes,  producing  in YP1  the same 
posttranslational increase in molecular mass and other post- 
translational modifications such as glycosylation and phos- 
phorylation.  However the latter two modifications occur at 
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thwait, 1985).  The mutant ypl gene has been cloned and se- 
quenced and has an isoleucine to asparagine substitution at 
position 92  in the  resulting YP1  (Saunders  and  Bownes, 
1986). 
We discovered a  novel phenomenon where a  protein is 
secreted from the cells but is retained by the tissue. Nor- 
mally the three polypeptides are  synthesized and quickly 
pass into the hemolymph where they exist as multisubunit 
complexes (Isaac, 1982; Fourney et al., 1982). However, we 
find evidence that yolk proteins  accumulate  as  electron- 
dense material in the subbasement membrane space, mim- 
icking a  phenomenon found in the protein uptake of the 
larval fat body (Butterworth and Forrest,  1984).  This ac- 
cumulation suggests that the mutant amino acid sequence of 
the yolk protein may create conformational or electrostatic 
modifications that prevent penetration of the basement mem- 
brane. 
Materials and Methods 
Genetic Techniques 
The normal and mutant strains hetero-, homo-, hemizygous for the female 
sterile mutantfi(1)l163  used for these experiments are described in Table 
I and in Bownes and Hodson (1980),  Lindsley and Zimm (1985, 1986, 1987, 
1990),  Saunders and  Bownes (1986),  and  Williams et  al.  (1987).  The 
Oregon-R female has two doses of each of three, wild-type yolk protein 
genes, ypl, yp2, and yp3. Flies homozygous for the female sterile mutant 
gene for YPI ~(1)1163) have two doses each of normai yp2 and yp3 genes. 
In the heterozygous state fs(1)l163 on one homologue is balanced by the 
FM3 chromosome which has a complete set of normal YP genes. The 1163 
allele is temperature sensitive: in the heterozygote (1163/FM3) the female 
is fertile and YP1 is secreted at 18°C, but it is not fertile, nor is YP1 secreted 
at 290C.  In the homozygote the females are sterile and fail to secrete YPI 
at either temperature. The mutant YP1 can be made hemizygous using the 
deletion df(1)C52 which includes the ypl and yp2 genes. This deletion is 
normally maintained in a balanced lethal stock by the FM6 chromosome. 
Hemizygotes of 1163 have one mutant ypl, one normal yp2, and two normal 
yp3 genes. Two Oregon-R wild-type lines were transformed with the 1163 
sequence incorporated into a  pUChsneo plasmid, pRS 2-p[neo;ypllt63]. 
The sequence contains a fat body-specific  and sex-specific  enhancer and the 
coding sequence of the mutant ypl gone. Only one copy of 1163 has been 
detected in the line trams-I, whereas in trans-O more than one 1163 copy 
Table L Subbasement Membrane Material Is Found 
Whenever the 1163 Gene Sequence Is Present 
Genotype*  YP1  scrtd*  SBMM§  Genotype  YP1  scrtd  SBMM 
Wild type  Yes  No  1163 trans-O  No  Yes 
I 163/FM3,20 °  Yes  No  t 163/C52  No  Yes 
1163/FM3,29 °  No  Yes 
1163/1163  No  Yes  C52/FM6  Yes  No 
1163 trans-I  No  Yes  1163/FM6  No  Yes 
* Genotype: wild type Oregon-R strain; 1163/FM3, female sterile mutant gene 
for YP1  (fs(l)l163)  on the homologue  balanced by the FM3 chromosome 
(reared at 20 and 29°C); 1163/1163, homozygote for thefs(l)l163 mutation; 
1163/C52, fs(1)1163  heterozygous  for a  short,  X-linked  deletion df(1)C52 
which includes  both the ypl  and 2  genes (Posflethwait  and Jowett,  1980); 
C52/FM6, the deletion df(1)C52 balanced by the FM6 chromosome; trans-I and 
trans-O, Oregon-R  wild-type  strains transformed with the 1163 sequence incor- 
porated  into a pUChsneo plasmid,  pRS 2-p[neo;ypPl~]. All genotypes ana- 
lyzed were reared at both 20 and 29°C. Only 1163/FM3 is listed here to illus- 
trate the strict wild-type expression at 20 and the mutant expression at 29°C; 
however, see text for details.  See Materials  and Methods and Lindsley  and 
Zimm (1985,  1986, 1987, 1990) for ferther genotypic details. 
YP1  scrtd, yolk protein 1 secreted from the fat body into the hemolymph. 
§ SBMM,  electron-dense  material  containing  YP  which accumulates  in the 
subbasement  membrane space. 
is present (Sannders, R. D. C. and M. Bownes, unpublished Southern blot 
analysis). Females of these lines thus contain two wild-type copies of each 
yp gene and are homozygous for the additional mutant yp sequences. It 
should be noted that p  elements insert singly,  not in tandem arrays as in 
many other transformation systems. These mutant transformed sequences 
are expressed in the fat body of adult females. Further details of  the produc- 
tion of  these lines and detailed analysis of the expression of other lines can 
be found in Saunders (1986). 
Cytological Techniques 
All strains were raised at 20 and 29°C and after 3, 7, and 14 d of culture 
were dissected, and adult fat body was fixed in glutaraldehyde and osmium 
tetroxide, and prepared for electron microscopy, following methods listed 
in Butterworth et ai. (1988).  Thin sections were stained with uranyl acetate 
and lead citrate. In some cases morphometric analysis was performed at the 
light- and electron-microscopic level according to the methods in Butter- 
worth et al.  (1988).  Tissues were also prepared for immunogold staining 
where LR White sections were treated with rabbit anti-YP and protein-A 
gold according to a modified method of Bendayan (1984).  The tissues were 
fixed in a mixture of 2% glutaraldehyde (Electron Microscopy Sciences, 
Fort Washington, PA)and 0.5% paraformaldehyde (Polysciences, Warring- 
ton, PA), dehydrated in alcohol, stained en bloc with uranyl acetate and em- 
bedded in LR White (Polysciences). Thin sections were incubated in dilute 
sections of anti-YP and subsequently treated with protein-A gold (Janssen, 
Life Sciences Products, Piscataway,  NJ). Controls were of three types: (a) 
sections of fat body received similar treatment except the anti-YP step was 
omitted; (b) tissues known to synthesize and contain yolk protein (mature 
oocytes) were stained with both steps; and (c) tissues that neither synthesize 
nor contain yolk (muscle) also received both steps. In controls (a) and (c) 
very low amounts of  gold deposits were observed as expected from random, 
nonspecific staining. In control (b) very high levels of gold grains were ob- 
served in yolk granules; up to 70 times higher than equally-sized areas of 
surrounding ooplasm (see Fig. 7  C). 
Preparation of  Antiserum 
Antibody specific to yolk proteins of Drosophila  was prepared by alter- 
nately injecting rabbits with YP purified from eggs by ammonium sulfate 
precipitation and then with YP bands eluted from SDS-PAGE gels. This al- 
ternate injection was repeated for two cycles effectively eliminating many 
cross-reacting, nonspecific proteins as evidenced by  Western blot anal- 
ysis (see Fig.  1).  Freund's complete adjuvant was  included in the first 
inoculum, and for all subsequent injections Freund's incomplete adjuvant 
was used. 
Results 
Wild 1)~pe 
The fat body cells in normal female flies raised for 3, 7, and 
14 d at either 20 or 29°C contain massive reserve deposits 
Figure 1. The purity of the YP (arrowhead) an- 
tibody is shown by Western blotting of adult fe- 
male (F) and male (M) extracts. 
The Journal  of Cell Biology,  Volume 112, 1991  728 Figure 2. Electron micrograph of a typical fat body cell from a 14-d, wild-type female reared at 29°C showing major components present 
in the mature cell: glycogen (G), Golgi complexes (C), lipid (L), lysosomes (Ly),  gap junctions (J), empty coated pits (P), and subbasement 
membrane space (S). Golgi complexes were identified as areas of cytoplasm, devoid of RER and reserve deposits, which possess fea- 
tures such as trans- or cis-vesicles,  lamellar stacks of smooth membranes some of which contain electron-dense material in the lumens. 
The only stored materials are glycogen (massive, granular area) and lipid droplets (empty circular spaces whose contents were extracted 
by cytological preparation methods). With the exception of a few electron-dense bodies, most probably lysosomes, there are no storage 
vesicles for yolk  protein, confirming the earlier results of  SDS-PAGE  analysis (Bownes and Hodson, 1980) and the light microscopic obser- 
vations of Butterworth and Bodenstein (1968). No differences between animals reared at either temperature were observed. Bar, 1/zm. 
of lipid and glycogen: lipid accounting for ,,o25 % of the cell 
and glycogen, 60%. The lipid is in the form of droplets rang- 
ing in size from 0.5-4/~m, but occasionally up to 10/~m in 
diameter.  The  nonreserve  cytoplasm  is  found  along  the 
plasma membrane, the nuclear membrane, and randomly ex- 
tends as strands into the masses of glycogen (see Fig. 2). The 
cells in cross section are often polygonal in shape connected 
to adjacent cells by numerous gap junctions. Between junc- 
tions the plasma membranes are separated, forming irregu- 
larly shaped,  intercellular spaces.  The plasma membrane 
that is exposed to the hemolymph is coated with a basement 
membrane.  In all cases there is a  space between the plas- 
ma membrane and the basement membrane called the sub- 
basement membrane space which is continuous with the in- 
tercellular spaces. The basement membrane makes the cell 
surface-hemolymph  interface  appear smooth, but the plasma 
membrane with occasional coated pits is convoluted, thus 
significantly increasing the cell surface area. The nonreserve 
cytoplasm contains numerous mitochondria, RER, free ri- 
bosomes, Golgi complexes, endocytic vesicles, lysosomes, 
and occasional microtubules. The lumen of the RER often 
contains  material  of medium  electron density  sometimes 
causing the membranes to become relatively large spheres 
or  tubules  in  cross  section.  Golgi  complexes often have 
several Golgi stacks  where some cysternae are filled with 
electron-dense  material,  putative  transport  vesicles,  and 
Butterworth et al. Ultrastructure of a  Yolk Protein  Mutant  729 Figure 3.  Electron micrograph of typical fat body cells  from a  14-dl fl(1)1163 mutant, female  homozygote at  29°C showing  in addition 
to the structures  indicated  in Fig. 2 (above) electron-dense foci of SBMM (arrow). These SBMM foci are typically located near the plasma 
membrane, but can become massive, extending in plasma membrane-bounded tubules,  displacing  the cytoplasm, and in some cases filling 
a significant proportion of  the cell (see Figs. 5 and 6, below). This SBMM accumulation is observed in all the genotypes studied,  containing 
the ~(1)1163 mutation suggesting  that it is yolk (see Table I). Ly, lysosomes.  Bar,  1 #m. 
electron-dense  bodies (see  Fig.  9 A) in  a  clusmr surrounded 
by RER. Lysosome-like  bodies ranging in size  up to I #m 
are often  not closely  associated  with the Golgi complexes 
and comprise ~2  %  per unit  area  of  normal tissue.  This ul- 
trastructural  profile  of  wild  type  is  consistent  among all  three 
ages studied  and both temperatures evaluated. 
Protein storage granules are not observed, which is con- 
sistent with the earlier,  biochemical (Bownes and Hodson, 
1980)  and light microscopic studies  (Butterworth  and Bo- 
denstein,  1968),  prompting  the  conclusion that  YP is  se- 
creted directly into the hemolymph. As we will show below 
YP is secreted into the subbasement membrane space where 
Figure 4. An enlargement of one of the SBMM foci in fi(1)lI63/FM3 tissue  from a  14-d, heterozygous female raised at 29°C. Note that 
this mass is composed of subfoci (arrow) that are interpreted  as tubular invaginations  of the plasma membrane (M), and that the SBMM 
consists  of two types of electron density: low and high. Bar,  1 pro. 
The Journal of Cell Biology,  Volume 112, 1991  730 Figure 5.  Electron micrograph of a fat body cell from a fl(1)1163 female (14 d, homozygote at 29°C) displaying massive accumulation 
of SBMM (arrows) and subbasement membrane space (S) comprising nearly 50% of the cell. This extreme form suggests SBMM, unable 
to penetrate the basement membrane (B), displaces cytoplasm, creating extensive increases in the amount of the plasma membrane (M). 
Note that in these instances relatively little reserve deposits are seen. Although the cell represents  an extreme of SBMM accumulation, 
many cells have no SBMM.  Bar,  1 /zm. 
Butterworth et al. Ultrastructure of a Yolk Protein Mutant  731 it diffuses through the basement membrane and into the 
hemolymph.  Because the  issue  is  found in multicellular 
clumps along the inner periphery of the exoskeleton, it is 
reasonable to conclude that the yolk protein that is secreted 
by interior cells will pass along intercellular channels that 
comprise the subbasement membrane space. 
I163/FM3 
Animals that are heterozygous for 1163 have temperature- 
dependent expression of the phenotype, where the females 
are fertile at 20"C.  At 20"C the cell size and amounts of 
reserves at both the light and electron microscope levels are 
morphologically similar to that of wild-type females. In ear- 
lier studies Bownes and Hodson (1980)  using SDS-PAGE 
gels indicated that the cells contain the same low levels of 
yolk proteins as normal cells. However,  at 29°C there is a 
significant change in expression of the 1/63 trait. Their elec- 
trophoretic gels showed that the mutant YP1  failed to be 
secreted and instead was accumulated in the fat body. The 
secretion of the normal YP2 and YP3 proteins and also YP1 
from the single wild-type gene was hindered, and all three 
YPs accumulated in this tissue. The cells are 44 % smaller 
than those of animals raised at 200C due mainly to reserve 
loss. At the fine structure level, unusual electron-dense ma- 
terial is found in the subbasement membrane space of many 
cells (see Figs. 3 and 4). This subbasement membrane mate- 
rial (SBMM) ~ is often located near the plasma membrane 
in foci or smaller subfoci. In sections which show no SBMM 
the blocks were resectioned and examined. Here SBMM was 
found in the newer sections indicating that the material is ei- 
ther produced in a few select ceils or it is produced in many 
cells but accumulates only in certain cells. Although some 
cells  have no SBMM,  some cells have massive amounts 
which comprise nearly 50% of the cell volume (see Fig. 5). 
In other cases the SBMM appears in tubular inlets through- 
out the cell (see Fig. 6 A). 
This SBMM is of  two types: low and high electron-density 
material (see Figs.  4  and 6,  A  and B).  The low density 
SBMM at higher magnification is occasionally fibrous with 
a crystalline, lattice-shaped morphology and the high den- 
sity material is amorphous (see Fig. 6 B). Often the high 
density SBMM is found in clathrin-coated pits and endocytic 
vesicles (Fig. 6 B) suggesting there may be receptors for this 
material. However, fluid-phase uptake may also occur. Since 
the low density SBMM is not seen in these pits and endocytic 
vesicles, we propose that either the low density SBMM pre- 
cedes the appearance of the high density material or that 
there are  no receptors  for the low density material.  Im- 
munogold  analysis  using  antibody  to  YP  indicates  that 
SBMM contains yolk, and that is it taken up by coated pits 
(Fig. 7, A and B). The high specificity of the antiserum is 
indicated in Figs. 1 and 7 C. As indicated in Table I the pres- 
ence of SBMM in the fat body, and the reduced ability of 
these cells to secrete YP1 is correlated with the presence of 
the H63 mutation. 
That  SBMM  is  being  internalized by  cells  is  further 
suggested by examples of lysosomes that contain  small, 
electron-dense masses morphologically similar to SBMM 
1.  Abbreviation  used  in  this  paper:  SBMM,  subbasement  membrane 
material. 
(see Fig. 8). Furthermore there is a positive correlation of 
the amount of SBMM and number of 0.5-1  #m diameter 
lysosomes (r =  0.58, n =  22, significant at 1%) further sug- 
gesting the destruction of SBMM by lysosomes. This corre- 
lation includes 22 paired sets of averaged amounts of lyso- 
somes and SBMM detected in electron micrographs from 
most of  the l163-containing constructs listed in Table 1 at the 
times and temperatures where morphometric data could be 
obtained. Golgi complexes in the mutant animals have simi- 
lar morphologies to those of wild type, and their position in 
the cell is evenly distributed (see Fig. 9) as in wild type sug- 
gesting no visible differences in the secretory apparatus. 
1163/1163 
Flies homozygous forfs(1)1163 reared at either 20 and 29°C 
have a phenotype similar to that of  fs(1)1163 heterozygotes 
reared at 29"C (see Table  1). All three classes display the 
smaller cell size, the presence of SBMM, appearance of YPs 
in the fat body gels, and female sterility. Furthermore the 
amount of SBMM in the older animals raised at 29*C is the 
largest of all the 1163 constructs listed in Table 1 (17 and 37 % 
per unit area of the tissue analyzed of 7- and 14-d animals, 
respectively) suggesting that the re.absorption  of SBMM is 
inefficient. 
Thus a  specific cellular morphology in the fat body has 
been correlated with the presence of ypl mutant gene and is 
consistent with the molecular and biological data on sterility. 
To observe the effects of the mutant ypl gene product in the 
absence of a wild-type ypl gene, hemizygous mutant flies 
were analyzed. 
1163/C52 
The females of 1163 strains, that were constructed with the 
short  deletion  for  ypl  and  yp2  on  one  homologue,  are 
hemizygous for the mutant ypl and normal yp2 genes; but 
both copies of yp3 are wild type. Here the fat body is very 
abnormal,  displaying  only  minute  amounts  of reserves. 
Nevertheless the cells are active, containing RER, normal- 
looking Golgi complexes and large numbers of lysosomes. 
In addition SBMM is present in large amounts in the older 
animals reared at the higher temperature (12 and 24% per 
unit area of the tissue of 7- and 14-day animals, respectively, 
at 29°C). Thus the presence of SBMM seems to be directly 
related to the 1163 gene. However,  it is possible that there 
are other mutations in the stock contributing to other cellular 
abnormalities of this phenotype. To test whether the results 
were the direct result of the mutant ypl gene, it was trans- 
formed into a wild-type background and the morphology of 
the cells was analyzed. 
trans-I and trans-O 
Oregon-R  flies  were  transformed  with  the  plasmid pRS 
2-p[neo;ypl"63], and two lines were studied: trans-1 which 
has been shown to contain one copy of the 1163 gene, and 
trans-O which has more than one copy (Saunders, R. D. C., 
and M.  Bownes, unpublished data).  The transformed se- 
quence contains a  fat body-specific and a  sex-specific  en- 
hancer, and the mutant YP1 protein is expressed in the fat 
body of the transformed females, as evidenced by a similar 
retention of the YPs in the fat bodies at 29°C on SDS-PAGE 
gels. Qualitative observations at the light and electron micro- 
The Journal of Cell Biology, Volume 112,  1991  732 Figure 6.  Electron micrographs illustrate a proposed mechanism of accumulation of SBMM in the mutant tissue (14 d, homozygote at 
29°C). (A) At low magnification SBMM (arrow) is found at the cell/hemolymph periphery, but also internally. (B) A higher magnification 
detail of A above clearly shows SBMM in the subbasement membrane space (S), that the low electron-density form has a lattice structure 
(arrowhead) and the high density form is amorphous (arrow). Note that the high density SBMM is being engulfed by a coated pit (P). 
This figure suggests that the mutant protein is secreted into the subbasement membrane space, but because of the amino acid substitution 
in YPI, the oligomers containing YP1 cannot penetrate the basement membrane (B). Perhaps, as the concentration of oligomer increases, 
the crystalline, lattice-like  fibers form which collapse into amorphous masses, which in turn become resorbed by coated pits, and the result- 
ing endosomes (E) fuse with lysosomes (Ly). The basement membrane morphology of wild type is no different from that of the mutant. 
M, plasma membrane. Bars: (A) I  /zm; (B) 0.5  /zm. 
Butterworth et al. Ultrastructure of a Yolk Protein Mutant  733 Figure 7. Electron mierographs of mutant tissue (7 d, homozygotes at 290C) stained by the immunogold procedure.  (,4) Experimental 
section of fat body indicates abundant levels of 15-nm gold grains over SBMM. Note labeling of SBMM in a coated pit (arrowhead). 
(B) Control section of fat body where anti-YP is omitted demonstrates SBMM has low levels of gold part.ides relative to the background 
cytoplasm. (C) Positive control of  an ooeyte showing heavily labeled yolk granules (g) and low levels of  labeling in the surrounding ooplasm. 
Bar, 0.5 #m. 
scopic levels indicate that the  fat body appears normal in 
morphology, but does contain SBMM in low to moderate 
amounts. In the trans-I line SBMM is present in low amounts 
and only in  3-d animals at both temperatures.  In trans-O 
animals there are significant amounts of SBMM at the higher 
temperature in the 7- and  14-d animals. 
Discussion 
Previous studies  (Bownes and Hodson,  1980)  have shown 
that theft(I)1163 mutation in the ypl gene suppresses secre- 
tion of YP1 and reduces secretion of yolk peptides 2 and 3 
from the fat body into the hemolymph. The current studies 
Figure 8. Electron micrograph of lysosomes (arrow) in the mutant fat tissue (7 d, he~rozygote at 29°C) that contain dense material similar 
in morphology to the SBMM in endosomes not seen in normal tissues. Note other lysosomes perhaps at a later stage of maturation (arrow- 
head). Morphometric analysis indicates that in the mutant, the amount of SBMM per cell correlates positively with the number of lyso- 
somes, suggesting that these cells are engaged in the removal of  SBMM. Indeed, some of  the lysosomes (arrow) appear similar to multivesic- 
ular bodies reported by Locke and Collins (1968), which they showed to contain endocytosed material.  Bar, 0.5/zm. 
The Journal of Cell Biology, Volume 112, 1991  734 Figure 9. Electron micrographs of examples of Golgi complexes found in mutant tissues. In all genotypes, ages, and temperatures studied 
Golgi complexes have similar morphologies and are found relatively evenly distributed throughout the nonreserve cytoplasm. (A) Golgi 
complex (C) found in the internal part of  the cell (7 d, homozygote  at 20°C). (B) Golgi complex located adjacent to the plasma membrane 
(3 d, heterozygote at 290C). Note what appears to be a trans-vesicle (arrowhead) fusing with the plasma membrane. SBMM (arrow); 
Bars, 0.5 ttm. 
indicate that YP secretion from the fat body ceils is normal 
in the fs(1)1163 mutation. However the amino acid substitu- 
tion in YP1 causes the novel accumulation of electron-dense 
SBMM in the subbasement membrane space, thus retaining 
the protein in the fat body tissue. It is likely that SBMM con- 
tains yolk protein because (a) SBMM is never found in wild- 
type cells and (b) this material is found in all cases where 
the 1163 gene is present (except at 20°C in the heterozygote), 
and (c) that it is positive for yolk in immunogold analysis. 
Finally we have shown clearly that this phenotype is a direct 
result of the mutant 1163 ypl gene, since wild-type flies car- 
rying the mutant ypl gene introduced by transformation with 
P-element vectors also show this abnormal phenotype. 
Assuming  that  SBMM  is  a  condensed  form  of a  YP 
oligomer, the ultrastructural evidence prompts us to specu- 
late that all three yolk proteins are secreted normally, but be- 
cause of a charge difference or a conformational change in 
YP1,  YP  oligomers  containing mutant  YP1  cannot pass 
through the basement membrane.  It is possible that other 
proteins  secreted by the fat body may become associated 
with these aggregates also. Conceivably the oligomer con- 
tinues to build in concentration until crystallization begins 
(the low density lattice-like fibers in Fig. 6 B), which in turn 
collapses into the electron-dense, amorphic masses. Alter- 
natively the SBMM aggregate forms immediately after se- 
cretion, and the aggregate is trapped by the basement mem- 
brane. Finally, evidence is presented that suggest that SBMM 
is  endocytosed and degraded by lysosomes.  Immunogold 
studies coupled with morphometric analysis are underway to 
evaluate the yolk contents of various morphological classes 
of lysosomes, the vesicles of the Golgi complexes, and the 
high and low density SBMM to gain better insight into the 
secretory traffic of the mutant yolk. 
Endocytosis of SBMM through coated pits could be recep- 
tor mediated. Since YP receptors for YP endocytosis exist 
in the oocytes of insects (Mahowald, 1972; Raikhel, 1984a, 
b, 1987; Rorhkasten and Ferenz, 1986; Konig and Lanzrein, 
1985; and Osir and Law, 1986),  such a receptor system may 
be present in the coated pits that endocytose SBMM in the 
1163 fat body. However, the function of specific YP receptors 
in the normal fat body is unclear, thus it seems more likely 
that SBMM endocytosis may be a general process for protein 
aggregates that accumulate in the subbasement membrane 
space (see discussion of the larval fat body below). 
Although animals with the  1163 gene possess  SBMM, 
only a low proportion of cells actually contain the material. 
One possibility is that only a few cells at any given time are 
in the process of synthesizing yolk protein, though this is un- 
likely, since studies of YP transcripts show they are present 
in all fat body cells (Gillman, C., and M. Bownes, unpub- 
lished data). Another possibility is that mutant yolk protein 
may not be secreted but shunted through the lysosomal path- 
way as explained by the larger number of lysosomes present. 
Mechanisms have been described which show that proteins 
with abnormal sequences are destroyed in the cytosol (Dice, 
1987; Goldberg and Goff, 1986).  Thus SBMM may be the 
result of an escape of a small amount of mutant YP1  from 
an overloaded degradative system. A  further possibility is 
that all cells synthesize and secrete yolk protein into the ex- 
tensive subbasement membrane space. However, only where 
the YP1  concentration becomes  sufficiently high,  does it 
precipitate or crystallize resulting in a relatively low number 
of foci of SBMM. 
Normally secretory vesicles fusing to the plasma mem- 
brane could cause a net increase in the amount of plasma 
membrane if it were not for the phenomenon of membrane 
recycling (Herzog and Farquhar,  1977; Snlder and Rogers, 
1986;  Rothman and Schmidt, 1986;  Duncan and Kornfeld, 
1988). A characteristic of SBMM-containing cells is the ex- 
tensive invagination of the plasma membrane, forming tu- 
bules of SBMM reaching far into the cell suggesting the 
plasma  membrane  is  not  recycled.  Furthermore  animals 
producing SBMM have significantly smaller fat cells, the re- 
sult of reserve loss. Perhaps this loss is associated with the 
failure of membrane recycling. There may be some recycling 
through  the  endocytosis of SBMM,  but  this  process  is 
inefficient since  amounts  of SBMM  tend  to  accumulate 
with age. 
Formation of SBMM in the 1163 adult fat body has similar 
features to protein granule formation in the normal, larval 
fat body (Butterworth and Forrest,  1984).  The larval cells 
24 h before metamorphosis sequester blood proteins that are 
condensed into granules. However, ultrastructural and mor- 
phometric analysis of this process shows that granule forma- 
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(Butterworth and Forrest,  1984).  Masses of low electron 
density appear first, which then condense into high electron- 
dense granules, which then are endocytosed by coated pits. 
Condensation of protein solutions in the subbasement mem- 
brane space in two separate tissues, the larval and adult fat 
body, suggests that common enzymatic machinery exists in 
both tissues. It should be noted that in Drosophila the larval 
fat body histolyses at eclosion, and new cells differentiate 
into the adult fat body during the first day of adult life. Per- 
haps only when confronted with mutant protein aggregates, 
does the adult tissue machinery become activated. Possibly 
this mechanism occurs in the mammalian kidney. When so- 
lutions of heparin and protamine were injected separately 
into rats (Seiler et al., 1975; Schwartz et al., 1981; Sonnen- 
burg-Hatzopoulos et al., 1984), the two proteins formed an 
aggregate which condensed within the glomerular basement 
membrane. Growing in size the aggregates passed through 
the membrane and into the urinary sinus where they formed 
granules that were endocytosed. 
It is a widely held belief that temperature-sensitive muta- 
tions have their effect on protein activity by affecting the pro- 
tein  conformation.  The  temperature-dependent  effect  on 
secretion of the 1163 YP suggests that the cause may be 
related to conformational abnormalities thus preventing the 
normal passage of YP1 from the cell to the hemolymph. Fur- 
thermore female sterility is not a direct result of  the 1163 YP1 
being expressed in the fat body, since some of the trans- 
formed lines carrying this mutant gene are fertile (Saunders, 
R. D. C., and M. Bownes, unpublished data). It seems likely 
that the female sterility is caused by the abnormal secretory 
process in the follicle cells initiated by the putative folding 
defect of YP1. This conclusion is consistent with observa- 
tions of Giorgi and Postlethwait (1985). They found that YP1 
secretions in the follicle cells of the 1163 mutants interfered 
with vitelline membrane formation, leading to decreased oo- 
cyte integrity, a possible cause of sterility. 
An  intriguing  relationship  may  exist  between  deoxy- 
hemoglobin S of sickle cell anemia and the 1163 mutant YP1. 
It is well known that hemoglobin S differs from hemoglobin 
A by a single substitution of valine (a nonpolar amino acid) 
for glutamic acid (a polar molecule), that valine, located on 
the outer surface of  the molecule creates a "sticky"  patch, and 
at low oxygen tension a hydrophobic site is created between 
the E and F helices in deoxyhemoglobin S which is com- 
plementary to the sticky patch. Thus deoxyhemoglobin S 
molecules bind together to form fibers that create the sick- 
ling phenomenon in the red blood cells (Finch et al., 1973; 
Edelstein et al., 1973; Dykes et al., 1978). These fibers are 
of two types: the more prevalent 20-nm size with diagonal 
striations and the 17-nm size with perpendicular striations. 
The  conformational event  of sticky  and  complementary 
binding sites may occur also in 1163 YP1 causing SBMM to 
form. In the case of 1163 the amino acid substitution of polar 
asparagine is for nonpolar isoleucine.  Further the SBMM 
having low electron density (Fig. 6 B) has a fiber structure 
similar to that of the 17-rim deoxyhemoglobin S fibers.  The 
SBMM fibers are 17 nm thick and have perpendicular stria- 
tions.  Whether a  sticky  and complementary  site occur in 
H63 YP1  will have to await x-ray crystallography. 
The authors are grateful for the technical help of L. Dang, I. Rubino, and 
T. Jones for the cytological studies and of P. Bcattie for the preparation 
of the antisera.  Gratitude  is also extended to  R.  Saunders who kindly 
provided the transformed lines used in these experiments and to E. Essner 
and M.  Hartzer for reading the manuscript. 
This research was supported by the Research Corporation and National 
Institutes of Health-Biomedical Support Grant. 
Received for publication 29 June 1990 and in revised form 2  November 
1990. 
References 
Bendayan, M. 1984. Protein-A gold electron microscopic immunocytochemis- 
try: methods, applications, and limitations. J. Electron. Micros.  1:243-270. 
Bownes, M.  1986. Expression of the genes coding for vitellogenin (yolk pro- 
tein).  Annu.  Rev.  Entomol.  31:507-531. 
Bownes, M., and B. D. Haines. 1978. Genetic analysis of viteltogenesis in Dro- 
sophila melanogaster: the identification  of temperature sensitive mutations 
affecting one of the yolk proteins. J. EmbryoL  Exp. Morphol.  47:111-120. 
Bownes, M., and B. A. Hodson. 1980. Mutantfs(1)1163  of Drosophila melano- 
gaster  alters yolk secretion from the fat body. Mol.  & Gen. Genet. 180: 
411-418. 
Bownes, M., A. Scott, and A. Shiras. 1988. Dietary components modulate yolk 
protein gene transcription  in Drosophila melanogaster. Development Combr. 
103:119-128. 
Brennan, M. D.,A. J. Weiner, T. J. Goralski, and A. P. Mahowald. 1982. The 
follicle cells are a major site of vitellogenin synthesis in Drosophila melano- 
gaster.  Dev.  Biol.  39:225-236. 
Buttterworth, F. M., and D. Bodenstein. 1968. Adipose tissue of Drosophila 
melanogaster.  III. The effect of the ovary on cell growth and the storage of 
lipid and glycogen in the adult tissue. J. Exp.  Zool.  167:207-218. 
Butterworth, F. M., and E. C. Forrest. 1984. Ultrastructure of the preparative 
phase of cell death in the larval fat body of Drosophila melanogaster.  Tissue 
& Cell.  16:237-250. 
Butterworth, F. M., L. Emerson, and E. M. Rasch. 1988. Maturation and de- 
generation of the fat body in the Drosophila  larva and pupa as revealed by 
morphnmetric analysis. Tissue & Cell. 20:255-268. 
Dice, J.  F.  1987.  Molecular determinants of protein half-lives in eucaryotic 
cells. FASEB  (Fed. Am. Soc.  Exp.  Biol.) J.  1:349-357. 
Dykes, G. R., R. H. Crepeau, and S. J. Edelstein.  1978. Three-dimensional 
reconstruction of the  fibers  of sickle  cell  hemoglobin.  Nature  (Lond.) 
272:506-510. 
Duncan, J. R., and S. Kornfeld. 1988. Intracellular movement  of two mannose 
6-phnsphate  receptors:  return  to  the  Golgi  apparatus.  J.  Cell.  Biol. 
106:617-628. 
Edelstein, S. J., J.N. Telford, and R. H. Crepeau. 1973. Structure of fibers of 
sickle cell hemoglobin. Proc.  Natl. Acad.  Sci.  USA. 70:1104-1107. 
Finch, J. T., M. F. Perntz, J. F. Bettes, and J. Dobler.  1973. Structure of sick- 
led erythrocytes and of sickle-cell hemoglobin fibers. Proc. Natl. Acad. Sci. 
USA. 70:718-722. 
Fourney, R., G. Pratt, D. Harnish, G. Wyatt, and B. White. 1982. Structure 
and synthesis of vitellogenin and vitellin from Calliphora erythrocephala. 
Insect Biochem.  12:311-321. 
Giorgi, F., and J. H. Postiethwait. 1985. Yolk polypeptide  secretion and vitel- 
line membrane deposition in a female-sterile Drosophila mutant. Dev. Ge- 
net.  6:133-150. 
Goldberg, A. L., and S. A. Goff.  1986. The selective degradation of abnormal 
proteins in bacteria.  In Maximizing Gene Expression. W.  Renzikoff and 
L. Gold, editors. Butterworth, Stonebam, MA. 287-314. 
Herzog, V., and M. G. Farquhar. 1977. Luminal membrane retrieved after exo- 
cytosis reaches most Golgi cisternae in secretory cells. Proc. Natl. Acad. Sci. 
USA. 74:5073-5077. 
Isaac, P. G. 1982. Molecular studies of vitellogenins of Drosophila melanogas- 
ter.  Ph.D. thesis. University of Edinburgh, United Kingdom. 
Isaac, P. G., and M. Bownes. 1982. Ovarian and fat body vitellogenin synthesis 
in Drosophila  melanogaster.  Fur. J. Biochem.  123:527-534. 
Johnson, M. B., and F. M. Butterworth. 1985.  Maturation and aging of adult 
fat body and ocnocytes in Drosophila.  J. Morph.  184:51-59. 
Konig, R., and B. Lanzrein. 1985. Binding of vitellogenin t~ specific receptors 
in oocyte membrane  preparations of  the ovovipiparous cockroach Hauphocta 
cincroea.  Insect.  Biochem.  15:735-747. 
Lindsley, D. L., and G. Zimm. 1985. The genoma  of Drosophila melanogaster. 
Drosophila  Inform.  Serv.  62:1-227. 
Lindsley, D. L., and G. Zimm. 1986. The genome of  Drosophila melanogaster. 
Drosophila  Inform.  Serv.  64:1-158. 
Lindsley, D. L., and G. Zimm. 1987. The genome  of Drosophila melanogaster. 
Drosophila  Inform.  Serv.  65:1-224. 
Lindsley, D. L., and G. Zimm. 1990. The genome  of Drosophila melanogaster. 
Drosophila  Inform.  Serv.  68:1-382. 
Locke, M., and J. V. Collins. 1968. Protein uptake into multivesicular bodies 
and storage granules in the fat body of an insect. J. Cell Biol. 36:453-483. 
Mahowald, A. P. 1972. Ultrastrnctural observations on oogenesis in Drosoph- 
ila. J. Morph.  137:29-48. 
The Journal of Cell Biology, Volume 112,  1991  736 Minoo, P. 1982. Molecular analysis of a quantitative yolk polypeptide variant 
of Drosophila melanogaster. Ph.D. thesis.  University of Oregon, Eugene, 
OR. 
Minoo, P., and J. H. Postlethwalt. 1985. Biosynthesis  of Drosophila yolk poly- 
peptides. Arch. Insect Biochem.  Physiol. 2:7-27. 
Osir, E. O., and J. H. Law.  1986.  Studies on vitellogenin from the tobacco 
hornworm Manduca sexta. Arch. Insect Biochem. Physiol. 3:217-234. 
Postlethwait, J. H., and T. Jowett.  1980. Genetic analysis of the hormonally- 
regulated yolk polypeptide genes in D. melanoga~ter.  Cell 20:671-678. 
Ralkhel,  A.  S.  1984a.  The  accumulative pathway  of vitellogenin  in  the 
mosquito oocyte:  a  high-resolution immuno- and cytochemical study. J. 
Ultrastr.  Res. 87:285-302. 
Raikhel, A. S.  1984b.  Accumulations of membrane-free clathrin-like lattices 
in the mosquito oocyte. Fur. J.  Cell Biol.  35:279-283. 
Raikhei, A. S.  1987.  Monoclonal antibodies as probes for processing of the 
mosquito yolk protein; a high-resolution immunolocalization of secretory 
and accumulative pathways. Hssue & Cell.  19:515-529. 
Rohrkasten, A., and H. J. Ferenz. 1986. Properties of the vitellogenin receptor 
of isolated locust oocyte membranes. Int.  J.  lnvertebr. Reprod.  Dev.  10: 
133-142. 
Rothman, J. E., and S. L. Schmidt. 1986. Enzymatic recycling of clathrin from 
coated vesicles. Cell.  46:5-9. 
Saunders, R. D. C.  1986.  Molecular analysis of a female-sterile mutation in 
Drosophila melanogaster. Ph.D. thesis. University of Edinburgh, United 
Kingdom. 
Saunders, R. D. C., and M. Bownes. 1986. Sequence analysis of a yolk protein 
secretion mutant in Drosophila melanogaster. Mol.  &  Gen.  Genet.  205: 
557-560. 
Schwartz,  M. M., Z.  Sharon,  A. K. Bidani,  B. U. Pauli,  and  E.  J.  Lewis. 1981. 
Evidence for glomerular epithelial  cell  endocytosis  in vitro.  Lab. Invest. 
44:502-506. 
Seiler,  M. W.,  W. A. Venkatachalam, and  R.  S.  Cotran.  1975.  Glomerular epi- 
thelium:  structural  alterations  induced  by polycations.  Science (Wash. DC). 
189:390-392. 
Sonnenburg-Hatzopoulos, C., E. Assel, H. J. Schurek, and H. Stoke.  1984. 
Glomerolar albumin leakage and morphology after neutralization of polyan- 
ions. II. Discrepancy of protamine-induced albuminuria and fine structure 
of the glomerular filtration  barrier. J. Submicrosc.  Cytol.  16:741-751. 
Snider, M. D., and O. C. Rogers. 1986. Membrane traffic in animal cells: cellu- 
lar glycoproteins return to the site of Golgi mannosidase I. J.  Cell Biol. 
103:265-275. 
Warren, T. G., M. D. Brennan, and A. P. Mahowald. 1979. Two processing 
steps in maturation of viteilogenin polypeptides in Drosophila melanogaster. 
Proc. Natl. Acad.  Sci.  USA.  76:2848-2852. 
Williams,  J.  L.,  R.  D.  C.  Saunders,  M.  Bownes,  and  A.  Scott.  1987. 
Identification  of a female-sterile mutation affecting yolk protein 2 in Dro- 
sophila melanogaster. Mol.  & Gen.  Genet.  209:360-365. 
Butterworth  et  al. Ultrastructure of  a Yolk Protein Mutant  737 